Introduction
Calcium salts of bilirubin, fatty acids, carbonate, and phosphate are important constituents of all classes of gallstones, although the predominant salt varies with the type of stone (1, 2) . The fundamental drive for these salts to precipitate can be understood on a physicochemical basis as the solubility product for a particular salt being exceeded. However, many of these species exist in normal bile in supersaturated concentrations, but do not precipitate. It is becoming apparent that other components ofbile can interact with these species in ways that modify their precipitation, and specific modifying factors such as acidic glycoproteins (3) and bile acids (4) have been identified.
Our interest in the pathogenesis of pigment stones has led us to study factors capable of influencing the precipitation of calcium hydroxyapatite, Cal0(OH)2(P04)6, (HAP),' which, although it is a relatively uncommon gallstone component, can comprise up to 30% of the total mass of black pigment stones (2) . Sutor and Percival (5) demonstrated that human common duct and gallbladder biles from subjects with cholesterol stones contained factors that inhibited calcium phosphate precipitation, and they proposed that bile salt/phospholipid micelles were responsible for this effect. Hydroxyapatite is formed from amorphous calcium phosphate (ACP) by dissolution and reprecipitation (6) . ACP may have the stoichiometry of dicalcium phosphate dihydrate, CaHPO4. 2H20, ortricalcium phosphate, Ca3(PO4)2 -XH20, depending on the formation conditions. It has been shown that bile acids can bind to ACP and that different bile acids have markedly different affinities (7) . Glycine-conjugated dihydroxy bile acids showed the highest affinity, whereas all taurine conjugates showed almost no ability to bind.
We hypothesized that the effects seen by Sutor and Percival (5) could be caused by bile acids binding to calcium phosphate microprecipitates, thereby preventing further precipitation. To test this, we studied the effects of a glycine-conjugated dihydroxy bile acid, glycochenodeoxycholic (GCDC), and a taurine-conjugated trihydroxy bile acid, taurocholic (TC), which we predicted to be active and inactive, respectively, with respect to the inhibition of hydroxyapatite precipitation.
Methods
Materials. Calcium chloride, dibasic sodium phosphate, Trizma-HCl, Trizma-base, calcium hydroxyapatite (type I), bile acids (sodium salts), and murexide were purchased from Sigma Chemical Co., St mM bile acid, and sufficient sodium chloride to let = 0.15, in a total volume of 10 ml. Each solution was titrated to pH 7.50, passed through a 0.22-,gm filter (Micro Separation Inc., Westborough, MA), and equilibrated at 370C for 20 min. During this time the pH fell from 7.50 to 7.31±0.02. To start the reaction, we mixed equal volumes of calciumand phosphate-containing solutions, so that the initial concentration of each reactant was 4 mM. These concentrations were used by Sutor and Percival (5) and result in precipitation within a convenient time scale. The mixed solutions were placed in quartz cuvettes maintained at 370C, and the formation ofcalcium phosphate was monitored turbidimetrically at 220 nm (8) (model 4053 spectrophotometer, Biochrom, Cambridge, England). In some experiments an aliquot of 500 .d was withdrawn after 22 h ofincubation and centrifuged for 5 min at 1 1,000 g, and the supernatant total calcium and phosphate content was determined.
Determination oftotal calcium and phosphate. Total calcium was measured by atomic absorption spectrophotometry (model 5 100, Perkin-Elmer Corp., Norwalk, CT) after dilution of samples with 5% trichloracetic acid/ 1% lanthanum chloride. Phosphate was determined by conductivity measurement after ion exchange HPLC (Ionpac AS4A column, Dionex, Sunnyvale, CA) or by the molybdenum blue method (9) .
Fourier transform infrared spectroscopy (FTIR). Calcium-and phosphate-containing solutions, with or without bile salts, were mixed and placed in an attenuated total reflectance cell fitted with a zinc selenide crystal (CIRcle cell, Spectra-Tech, Inc., Stamford, CT) and mounted in an FTIR spectrometer (model FTS 60, Digilab, Boston, MA). Spectra were collected at intervals for up to 72 h. The spectrum of a reference solution, which consisted of 50 mM Tris, 4 mM Ca2", and 100 mM NaCl, was manually subtracted from each sample spectrum to disclose the signal from the precipitate. Spectra were not corrected for phosphate because the absorbance from precipitates was at least 20 times greater than the absorbance of 4 mM phosphate.
Determination of bile acid critical micelle concentration (CMC). The CMCs ofbile acids were measured fluorimetrically (10 (Fig. 1) , indicating that the events of phase 2 involved precipitation of additional calcium phosphate, not simply aggregation ofexisting material. These curves are similar to those seen by other investigators ( 12) . The onset of rapid precipitation has been associated with the transformation of ACP to HAP and the time required for this to occur has been termed the induction time (Ij) (12 The effect of GCDC and TC in combination was also studied. When a low concentration ofGCDC (1.5 mM) was mixed with increasing concentrations of TC (2-12 mM), I, decreased exponentially as the amount of TC increased (Fig. 3) . Interestingly, compared with 1.5 mM GCDC alone, the lowest TC concentration increased It (164 and 317 min, respectively). Similar effects were observed with a higher GCDC concentration (4 mM) and TC varying between 2 and 12 mM (Table I) . Although TC concentrations of2 and 4 mM plus 4 mM GCDC postponed phase 2 longer than the duration of the experiment (500 min), the turbidity readings during phase 1 indicated a faster precipitation rate than when 4 mM GCDC alone was present (Table I) .
CMC ofbile acids. The CMCs of GCDC and TC were determined to be 2 and 8 mM, respectively. These values are consistent with previous reports (13) and were unaffected by the presence of either 4 mM Ca2+ or 4 mM phosphate. However, since this method is relatively insensitive to submicellar aggregates, it cannot be ruled out that these ions may influence the size or number ofsubmicellar oligomers. Experiments were also performed to study the state of aggregation of systems containing both GCDC and TC. When increasing amounts of TC were added to 1.5 mM GCDC, TC became incorporated into mixed species aggregates, and the "CMC" for this mixed system was estimated to be 4 mM total bile salts, but this value will depend upon the GCDC/TC ratio. Thus, the addition of 2 mM TC to 1.5 mM GCDC increased the amount of system aggregation (either number or size of aggregates) and thereby provided more effective inhibition of HAP formation, resulting in the prolonged I, shown in Fig. 3 . As more TC was added, the aggregates contained ever greater proportions ofTC, and this was responsible for the decreased inhibition seen in Fig. 3 . This mechanism also operated when the GCDC concentration was 4 mM and resulted in the attenuated inhibition shown in Table I . Because potent inhibition was achieved at GCDC concentrations that approximated the CMC, it seemed likely that small aggregates, perhaps dimers, rather than micelles, were responsible for this action. To test this possibility, we examined the effect ofdehydrocholic acid on HAP formation, since dehydrocholic acid does not form micelles, but can form dimers (14) . Under Effect of bile acids on Ca2" activity. Under conditions of constant ionic strength, both TC and GCDC reduced Ca2+ activity, but GCDC was more effective than was TC (not shown). GCDC concentrations < 4 mM had no measurable effect on Ca2+ activity, and GCDC concentrations of 4 and 20 mM reduced activity by only 5% and 25%, respectively. Even with a 25% reduction in activity, the solutions would remain highly supersaturated with respect to HAP, and the effect of GCDC must be mediated by an alternative mechanism. TC had a lesser effect on Ca2+ activity, and a 20 mM solution decreased activity by only 6%. Dehydrocholic acid reduced Ca2+ activity by 4% (20 mM), 5% (40 mM), 14% (60 mM), and 20% (80 mM). There was a close correlation between Ca2`activity in the presence of dehydrocholic acid and the amount of HAP precipitated (r2 = 0.958, P < 0.005).
FTIR studies ofcalcium phosphateformation. To demonstrate that phase 2 was associated with the formation of HAP, we analyzed the products ofthe reaction in situ by FTIR. In the absence of bile acid, the precipitation of calcium phosphate caused the intensity of the orthophosphate (P-O) absorption band at 1,150-950 cm-' to increase with a time dependency that was very similar to the turbidity curves produced in earlier experments, except that I was increased from 56 to 80 min (Fig. 4) . The temperature of solutions in the CIRcle cell was Glycochenodeoxycholic Acid Inhibits Calcium Hydroxyapatite Formation 1267 30±1 'C, and when a turbidity experiment was repeated at 30'C, the two sets of measurements correlated exactly (Fig. 4) . Concurrently with the onset ofphase 2, the IR absorption spectrum ofthe calcium phosphate underwent a prominent change (Fig. 5 A) . Before phase 2 the orthophosphate absorption band was relatively symmetrical, indicating little distortion of the phosphate ions from an average tetrahedral symmetry, which is typical of ACP (15) . But between 85 and 95 min (i.e., 5 min after It), the phosphate peak began to transform into a triplet (Fig. 5 A) , which indicated that certain P-O vibrations were being selectively restricted by a newly forming crystal structure. By 240 min the spectrum was consistent with the bulk of the precipitate being HAP, as judged by comparison with an authentic HAP standard (Fig. 5 A, inset) . Thus phase 2 is associated with the emergence of HAP as the predominant form of precipitated calcium phosphate. The predominance of HAP could explain the greatly increased rate of precipitation at that time, because HAP is much less soluble than are other forms of calcium phosphate (16). As would be predicted from earlier experiments, 12 mM TC had little effect on the FTIR spectra, although I, and the appearance of the phosphate triplet were prolonged to -1 10 min (not shown), which is consistent with the minor delaying effect previously seen with this concentration of TC (Table I) . GCDC, however, had considerable concentration-dependent effects on the IR spectra as calcium phosphate precipitated. At 2 mM, GCDC completely prevented the appearance of the crystalline phosphate triplet, although amorphous material continued to form slowly (Fig. 5 B) . In contrast with the control, where the location of the maximum absorbance moved progressively to lower wavenumbers throughout the experiment, in the presence of 2 mM GCDC the peak did not shift at all, which suggests very effective inhibition of transformation. No crystalline material was detected at 3 d, at which point the experiment was terminated. Thus, the effect of GCDC is mediated by preventing the transition ofACP microprecipitates to macroscopic crystalline HAP. With 1 mM GCDC, the phosphate triplet appeared at 85 min (not shown), and 0.5 mM GCDC accelerated the appearance ofthe triplet, which became visible by 75 min (not shown). Otherwise the precipitation process did not markedly differ from the control situation, which was again consistent with earlier observations (Fig. 2) In the control phase 3 precipitates, washing caused the Ca/P ratio to increase, which suggested that a surface layer, relatively rich in phosphate, had been removed from the precipitate. GCDC, 0.5 mM, decreased the Ca/P ratio ofunwashed phase 3 precipitates in comparison with the control, but 1 and 1.5 mM GCDC progressively increased the Ca/P ratio, until with 1.5 mM GCDC unwashed and washed precipitates did not differ. From these data we calculated the Ca/P ratio of the surface fractions removed by washing from phase 3 precipitates, and plotted this ratio against induction time (Fig. 6) . A low Ca/P ratio (i.e., phosphate-rich surface fraction) was associated with a short I, and as the ratio approached the value for HAP (1.67), very small changes in composition were correlated with large changes in I,.
Discussion
Except under very dilute conditions (17) the formation ofHAP proceeds through a transitional ACP phase (18) by a process of dissolution and reprecipitation (6), rather than by solid-phase Figure 6 . Correlation of induction time with the Ca/P ratio of hydroxyapatite surface fraction. The composition of the surface fraction of hydroxyapatites formed in the presence of increasing concentrations of GCDC (0-1.5 mM) was calculated from the data in Table II and transition (19) , and the rate ofconversion is proportional to the crystal content of the precipitate (20) . The precise structural detail and chemical composition ofboth ACP and its transition products vary considerably (18, (21) (22) (23) . Our results clearly show that low concentrations (-2 mM) of GCDC, but not TC, strongly inhibit the transformation of ACP to HAP. Although bile acids reduce Ca2" activity (24, 25) , and glycineconjugated bile acids are more effective than taurine conjugates (25), this is not the mechanism by which GCDC prevented HAP formation, since inhibition occurred at GCDC concentrations that did not measurably affect Ca2" activity.
A range of molecules and ions, including proteoglycans (26); phytates (27); Mg2e, Sr2", and Zn2`(28); ATP (29); pyrophosphate (28, 30); casein (31); and phospholipids (32), inhibit HAP formation. Williams and Sallis (33) proposed that the minimum requirement for strong inhibition by anionic species is the possession of one phosphate group and one other acidic group, which may be either phosphate or carboxylic acid. Molecules with multiple carboxylic groups also inhibit, but the minimum number of groups required is unknown (34) . Inhibition ofHAP formation by GCDC appears reasonable because in the aggregated state GCDC should mimic a polycarboxylated molecule. The need for multiple carboxyl groups suggests that the action ofsubmicellar concentrations ofGCDC requires dimers or higher multimers. That GCDC caused potent inhibition at 2 mM, a concentration at which very few micelles would be anticipated, also suggests submicellar multimers may be the active species. Experiments with dehydrocholic acid confirmed that partial inhibition could be caused by bile acid dimers, but 80 mM dehydrocholic acid was much less effective than 2 mM GCDC, and, unlike GCDC, the effect of dehydrocholic acid was associated with reduced Ca2" activity. The effect of dehydrocholic acid on Ca2" activity was unexpected. Taurodehydrocholic acid does not affect Ca2" activity as measured by the Ca2"-sensitive electrode (35) , and therefore the present results may reflect our use of different methodology for measuring Ca2+ activity (1 1). It is unknown whether the greater inhibiting power of GCDC derives from its ability to form higher multimers, or from specific structural differences that may enhance the ability of GCDC dimers to interact with HAP. Dehydrocholic acid differs from GCDC in two important ways: the ring substituents are equatorial keto groups rather than axial hydroxyl groups, and the carboxyl-bearing side-chain is shorter. The presence of hydroxyl groups in GCDC may be important, since citric acid is an inhibitor of HAP formation, although its dehydroxyl and dehydro derivatives are inactive (36 (12) . Because GCDC both delayed and reduced the production of HAP, this bile acid is a type I inhibitor. This conclusion is consistent with our observation that GCDC has a higher affinity for HAP than for ACP (Qiu, unpublished obser- vations).
Both ACP and HAP contain HPO2--rich surface fractions that can be removed by washing (18) . The (37) . Such competition for binding sites on newly formed HAP embryos should poison the crystal surface. This competition is reflected in our observation that a phosphate-rich surface fraction is correlated with a short I. At low GCDC concentrations, the competition may be enough only to slow the rate ofcrystal growth, but at higher concentrations, because of an increase in either the size or number of aggregates, the degree ofpoisoning may be so great that growth is prevented and the HAP embryos redissolve before they constitute a sufficient fraction of the total calcium phosphate precipitate to be detected by FTIR. To the observer this process would appear as stabilization of the amorphous state.
It is unknown why GCDC shows greater binding than TC to ACP (7) and HAP (38) . However, because all the glycineconjugated bile acids investigated, as well as unconjugated deoxycholic acid, bound to a much greater extent than any taurine conjugate, a carboxylic acid group may favor binding (7) . In addition, glycocholic acid bound to ACP (7) and HAP (38) less well than did the glycine-conjugated dihydroxy bile acids, thus the ineffectiveness of TC may be related to both its conjugation and its hydroxylation pattern. The increased affinity of Ca2" for glycine conjugates over taurine conjugates has been attributed to more extensive hydration of the latter (25). However, in the present situation bile acid binding is not occurring to isolated Ca2" ions in solution, but rather to the HAP surface, which consists of regions of alternating positive and negative polarity. Therefore, if adjacent anionic groups of the bile acid aggregate are not arrayed in a manner that brings them into apposition with regions ofpositive polarity, they will likely interact with negatively charged areas and be repelled. Under this scenario, GCDC aggregates possess anionic groups that mirror the spacing of calcium ions on the HAP surface, whereas the sulphonate groups of TC aggregates are misaligned. In experiments with mixed TC/GCDC solutions, TC was incorporated into GCDC aggregates and attenuated the inhibition of HAP formation. This effect is probably caused by increasing amounts of TC inducing progressively severe misalignment ofanionic groups. The observation that the action of a given submicellar concentration ofGCDC can be augmented by small amounts of TC sufficient to cause increased bile acid aggregation indicates that the deleterious effects of small amounts of TC are insufficient to offset the advantage of increased aggregation.
The ability ofmixed TC/lecithin micelles to inhibit calcium phosphate formation (5) is probably caused by binding to ACP or HAP nuclei initiated by the lipid phosphate groups. TC and other taurine-conjugated bile acids, as well as GCDC, inhibit the precipitation of calcium bilirubinate (4, 39) . The fact that some bile acids inhibit precipitation ofonly some calcium salts (TC can inhibit calcium bilirubinate, but not HAP) again suggests that inhibition ofcalcium salt precipitation does not necessarily occur as a result of direct action on the common cation, calcium, in solution. In some instances inhibition may be mediated by specific interactions between the bile acid and the anion, either in solution or in a microprecipitate. In other cases, the target may be calcium ions incorporated into a crystal embryo. The spacing of these calcium ions is a function of crystal type, so small differences in the structures of aggregates of different bile salts may mean that the anionic groups in any given bile salt aggregate are optimally aligned to interact preferentially with the calcium ions of a particular crystal. If this is true, changes in the bile acid composition ofbile over time may affect the relative proportions of the various calcium salts that will be laid down in developing gallstones. This hypothesis could partially explain the differences in composition observed in moving from the center to the surface in many gallstones (2) .
Finally, we emphasize that the effect of bile acids on the precipitation ofcalcium salts cannot be considered in isolation, but must eventually be integrated into a more comprehensive model in which the role of other components of bile, such as phospholipids (32) and glycoproteins (3) , and the presence of distinct microenvironments within the gallbladder (2) are taken into account.
